and silica gel (80 -100 mesh) adsorption chromatography column was employed to separate the samples into 7 nonhydrocarbon fractions (N1, N2, N3, N4, N5, N6 and N7) according to a separation flow chart, as shown in Fig. 1 .
About 0.75 g of crude oil was dissolved into 2.0 mL of chloroform in a titration bottle (300 mL) with a stopper. After the solvent volatilized completely under a gentle stream of dry nitrogen gas at ambient temperature, 300 mL of hexane was gradually added into a continuously rocked bottle. The mixture was shocked by ultrasonic waves for about 30 min, and after being left still for 24 h, the asphaltene was filtered with a funnel in the neck of which a bit of the pledget was tucked. The filtrate was received by another titration bottle (300 mL), and the titration bottle containing asphaltene was washed with hexane until an achromatous filtrate emerged. The filtrate was placed in a water bath (40˚C) and concentrated by a rotation evaporimeter (the evaporation rate < 120 drops per minute) to about 3 mL for sequent chromatographic separation.
Thirty-two grams of neutral alumina were added into a chromatography column at the down end of which a bit of the pledget was tucked. At the same time, the external wall of the column was gently knocked for a uniform filling of the adsorbent, and 30 mL of hexane was immediately added into the filled column for soaking the immovable phase; the chromatography column was installed in a fume cupboard at 15 -40˚C. After the above concentrated filtrate was adsorbed onto neutral alumina, its fractions were eluted in turn with the following solvents: aliphatic hydrocarbon fraction A1, 300 mL of hexane; aromatic hydrocarbon fraction A2, 150 mL of mixture solvent consisting of dichloromethane and hexane (V:V = 2:1); non-hydrocarbon fraction N1, 200 mL of benzene; nonhydrocarbon fraction N, 250 mL of chloroform containing 0.75% ethanol; non-hydrocarbon fraction N7, 100 mL of tetrahydrofuran containing 10% ethanol.
With 30 g of the silica gel, a chromatographic column of silica gel was made in the same way as the column of neutral alumina. Non-hydrocarbon fraction (N) was also concentrated to about 3 mL similarly by a rotation evaporimeter, and transferred into the silica-gel column. Then, its fractions were eluted in turn with the following solvents: non-hydrocarbon fraction N2, 150 mL of the mixture of hexane and benzene (V:V = 1:1); nonhydrocarbon fraction N3, 150 mL of benzene; non-hydrocarbon fraction N4, 120 mL of the mixed solvent of benzene and anhydrous aether (V:V = 1:1); non-hydrocarbon fraction N5, 100 mL of tetrahydrofuran containing 10% ethanol; nonhydrocarbon fraction N6, 100 mL of 95% ethanol. In the elution of the fraction N6, elution rate might be increased by differential pressure.
GC-MS test of non-hydrocarbon compounds in fractions of crude oil samples
All of the non-hydrocarbon fractions (N1, N2, N3, N4, N5, N6 and N7) were transferred into 250 mL of sharp-bottomed matrasses with bottle stopples, and when concentrated to about 0.4 mL, the matrasses were taken down and stoppled. After the matrasses had rested for a moment, the fractions in them were transferred into 1 mL of sharp-bottomed fraction sampling tubes with covers (made from polytetrafluoroethylene, before use, the tubes must be numbered, and washed and roasted to constant weight at 230˚C) by a longirostral pipette, in order to use in sequential analysis.
The test conditions were as follows: chromatographic column, HP-5MS (crosslinked 5% PH ME siloxane, 30 m × 0.25 mm i.d. × 0.25 µm film thickness); inlet temperature, 230˚C; detector temperature, 280˚C; column temperature, 60 -230˚C; temperature-rising rate, 3˚C/min; carrier gas, He; velocity of flow, 1.0 mL min -1 ; current division ratio, 100:1; electron voltage, 70 eV; recording interval, 30 -450 amu; scan time, 0.549 s; starting time of scan, 1.00 min; sample injection, 2 µL.
Approach for the quantitative analysis of non-hydrocarbon compounds in crudes
The seven fractions transferred into the sampling tubes were air-dried to constant weights, and the masses (M1, M2, M3, M4, M5, M6 and M7) were recorded. Then, the lids of the sampling tubes were taken off, and these tubes were placed into an electrothermal blast cabinet drier after the non-hydrocarbon fractions in them were dissolved with the chloroform. The temperature was subsequently increased to 230˚C and the fractions vaporized for 1.5 h at a constant temperature. Then, the sampling tubes were taken out and weighed to constant weights after cooling, and the masses (M1′, M2′, M3′, M4′, M5′, M6′ and M7′) were recorded.
The calculation and manipulation relevant to the analysis of the non-hydrocarbon compounds were all actualized on a computer by self-compiled software, and accomplished through a Phoebus Microsoft System UV-60 combining 4 -300 MHz CPU and 64 MB RAM. All of the programs were compiled with Matlab 6.0 and run on the Windows98 platform.
Results and Discussion
The elution modes of chromatography are commonly generalized into three types, as explained intensively in the literature. 11 The first ideal type is that the compounds are eluted sequentially and separated completely, and so would like to be expected. It is relatively easy for chromatography researchers to analyze what they are. Actually, however, it is hard to meet the perfect separated condition. The second one is that the chromatographic peaks overlap partially. If they are in accord with the rule of first-in-first-out, their true pure chromatograms and spectra can be extracted by some chemometric resolution methods. The last one has been very troublesome, because it does not satisfy sequential elution; the entirely embedded peaks have not yet been resolved reasonably well, even though many methods had been applied. 12 When the non-hydrocarbon compounds in crude oils are analyzed, all of these three modes would occur, because the crude-oil samples are extremely complicated. They contain too many components to be explicitly ascertained as to what species they are. It is also impossible to do well only with thorough inflexible experiments. The reasons are the following. First, the difficulty of identifying individual compounds in each fraction is increased by the fact that more than one compound elutes from the capillary column at the same time. Second, different concentration levels of compounds obscure the chemical behavior of a sample, which influences and interferes with the identification of concrete compounds. Finally, a detailed assignment of the structure is complicated by the presence of isomeric compounds. These isomers have different molecular structures and functionalities, but sometimes produce nearly identical mass spectra. In order to analyze such complicated systems, the resolution method involving HELP was applied. The method, in our opinion, could not only alleviate the burden of chromatographic separation to a certain extent, but also greatly enhance the accuracy and efficiency of the qualitative identification and quantitative determination. The method is especially useful in those cases where authentic standards are not available.
The two-dimensional-datum matrix A consisting of response signals from n kinds of organic compounds may be shown as follows:
In Eq. (1), C = [c1,c2······cn], vector ci is the deconvoluted chromatogram from compound i; S = [s1,s2······sn], vector si is the deconvoluted mass spectrum from compound i; t is the transpose of the matrix S; Ab shows the background matrix from the instrument; E is a random-error one. When the background and noises have been treated suitably, Eq. (1) may be written as
S and C are often unknown in the case of overlapped data (or overlapped peaks) of actual samples. Here, the principal constituent decomposition of matrix A may be carried out. Thereupon, there is
In Eq. (3), T is the scoring matrix, P is the loading one, and R is the full-rank-transition one. By comparing Eq. (3) with Eq. (2), it may be seen that Eq. (4) comes into existence,
This may be shown by following vector relation expression,
In Eq. (5), ri is the ith column in matrix R. When ri is found, the deconvoluted chromatogram ci from compound i may be resolved out from the overlapped chromatogram peak of the two-dimensional data. The deconvoluted chromatogram peak, ci, from compound i has a corresponding deconvoluted mass spectrum, si. The mass spectrum, si, may be used in the qualitative analysis or structural identification of corresponding compound i, and the chromatogram, ci, may be used in its quantitative analysis. The principle of HELP method has been introduced in the literatures. [13] [14] [15] [16] Therefore, it is not recommended in detail here again, and only in combination with the resolution of the two-dimensional-overlapped data from a crude-oil sample, it is explained simply as follows.
The backgrounds of most chromatographic elution curves appear along with linear excursions; in addition, there is often heteroscedastic noise in the measurement information of an actual complex analysis system. The background may be estimated by the decomposition of a local singular value according to regional data matrixes before and after outflow of the chromatographic peaks. It is then deducted by a leastsquares fitting. The heteroscedastic noise may be reduced by a treatment of decreasing amplitude. Because there is very serious background and noise resulting from some factors, such as the instrumental system and the complicacy of the samples, it is very necessary to carry out the above-mentioned pretreatments in the analysis.
The two-dimensional data from 7 non-hydrocarbon fractions in a crude sample were determined by chromatography-mass spectrometry. The data were rapidly resolved by the HELP method to obtain the deconvoluted chromatography and mass spectrum of every compound; then, structure identification and quantitative determination of every non-hydrocarbon compound were carried out.
For example, Fig. 3(a) is the peak cluster within 37.58 -38.31 min from the TICC of the non-hydrocarbon fraction N7 [see 2, retention time = 60 + 0.5494 x (s, x is the scan number)]. The peaks look apparently like those from 4 compounds, because the existence of more serious background caused the baseline rise of the peak cluster; and these peaks, especially the left ones, overlaped seriously. Therefore, when a mass-spectrum search was carried out directly using the mass spectrum database in the GC-MS instrument, the differences between the mass spectra obtained by searching at various scan points of any peak shown in Fig. 3(a) were sometimes very large. This showed that the exact phyletic judgement, structural identification and quantitative determination of the compounds could not be carried out without using chemometric resolution.
The approach used to obtain the deconvoluted chromatograms and mass spectra from the compounds corresponding to the peak cluster by using HELP resolution was as follows:
(1) The distribution information graph (in the direction of retention time) of the compounds, that is, rank graph was obtained by using a fixed-size moving window evolving factor analysis based on local singular value decomposition. 13, 14 Figure 4 is the rank graph of the peak cluster in Fig. 3(a) ; the background was deducted and the noise was treated by decreasing amplitude. Therefore, the eigenvalue curves above the noise level could be used not only for testing the purity of the chromatogram, but also for judging the elution order and phyletic number of eluted compounds in a different range of retention time. The retention time range to elute the monocomponent was the selective region of the corresponding component. The regions labeled 1, 2, 3 and 5 in Fig. 4 were the selective ones of components 1, 2, 3 and 5, respectively, and only the mono-component was eluted in every selective region. The regions labeled 1 + 2, 2 + 3, 3 + 4 and 4 + 5 were co-eluted regions of components 1 and 2, 2 and 3, 3 and 4 as well as 4 and 5, respectively. In these regions, the elution of the second component had begun before the first one was eluted completely, that is, there were the peak overlaps of two components. The region labeled 3 + 4 + 5 was a co-eluted region of components 3, 4 and 5; there was an overlap of three components in this region.
(2) Using the information of the rank graph (when necessary, using it in combination with latent-projective graph) and a local factor analysis, the deconvoluted chromatogram and mass spectrum of every compound in the range of 37.58 -38.31 min of retention times were obtained by matrix full-rank decomposition and component stripping, 13, 14 that is, by separating information of the components one by one. The deconvoluted chromatograms (labeled 1, 2, 3, 4 and 5) of five compounds obtained by resolving the peak cluster with the HELP method are shown in Fig. 3(b) . Because of resolving the GC-MS two-dimensional data from the 5 compounds, the relevant deconvoluted mass spectra could also be gained at the same time that the chromatograms were obtained. The structures of the compounds were then elementarily identified by matching the deconvoluted mass spectra with the mass spectra of database (NIST14.7). The resolved mass spectra and corresponding standard spectra in the database were omitted. Unfortunately, compound 5 could not be ascertained because of an insufficient mass spectra database. Tables 1 and 2 list the resolution results of the four compounds marked with *. Such a result definitely suggested that nitrogen-, oxygen-and sulfur-containing non-hydrocarbons co-existed in the same fraction, and any tedious experiments hardly attained absolute separation of these different chemical species. As a consequence of this chemometric resolution method, the qualitative ability, feasibility and reliability of mass spectrum Fig. 4 Rank graph of the peak cluster in Fig. 3(a) (the background was deducted and the noise was treated by decreasing amplitude).
match identification were improved to some degree. Such compounds determined by the method might further be verified with chromatographic retention indices [17] [18] [19] (when necessary). Likewise, the other segments in the same, or different, fractions could also be resolved as the peak cluster in Fig. 3(a) . The method was not only suitable for the analysis of nitrogencontaining compounds in crude oils, but also for that of all nonhydrocarbon ones. For example, the structural formulas, mass spectra of nitrogen-containing compounds 16 and 17 in Table 1 and non-nitrogen-containing compounds 24, 25, 57 and 58 in Table 2 are given in Figs. 5, 6 and 7, respectively.
Like a qualitative analysis, because of the variety of the nonhydrocarbons, it is unable to obtain all relevant standard compounds for a quantitative analysis.
Therefore, an approximate method has been presented. At present, this method may be the only feasible one in the case that the objects of quantitative analysis are some trace compounds whose tolerable-relative-error values are biggish, whose kinds are various, and whose chromatographic standard compounds are unable to be obtained entirely. The conditions for adopting this method are: (1) all of the relevant compounds are able to bring response signals, that is, to come out chromatographic peaks in the chromatogram after the resolution of the two-dimensional data; (2) in the sample, the sum m of the masses of all compounds to flow out a chromatographic column must be determined. Because any organic compound detected by a mass spectrum detector can bring some ions with the corresponding mass-to-charge ratios, consequently yielding relevant chromatographic signals in the TICCs of GC-MS under the condition of reaching the detection limits of the instrument, which is usually able to meet the need of condition (1) . With regards to condition (2), the sum m of the masses of the volatiles in a non-hydrocarbon fraction under the detection temperature may be determined according to the difference in the masses of the relevant fraction before and after it is thermostatically volatilized for adequate time at the same 721 ANALYTICAL SCIENCES APRIL 2004, VOL. 20 
In Eq. (6), fi is the absolute correction factor of the peak area of component i. The relation may also be shown as
However, the stability of the absolute correction factor, fi, is very poor because it is greatly affected by the fluctuation of the test conditions. Therefore, the relative correction factor, fi′, on which the condition fluctuations influence less is still suitable for the practical application. Its definition equation is shown as follows: fi′ = fi/fs = (mi/Ai)/(ms/As) = (mi·As)/(ms·Ai).
Here, fs, ms and As are the absolute correction factor, mass and deconvoluted chromatogram peak area of the standard compound added into the corresponding non-hydrocarbon fraction, respectively. Suppose that the content of component i relative to all of the volatiles under the vaporization condition is wi. Then, the following equation comes into existence.
Therefore, the absolute mass mi of component i in the fraction is
When the weighed mass of the crude sample is msam, the percent content, xi%, of component i in the crude oil is
Equation (11) is the expression used for calculating the result of the absolute quantitative analysis of non-hydrocarbon Table 1 and the standard mass spectra (Standard) obtained by a comparability match (that is, mass spectrum pair, the same below). Table 2 . Table 2 . compound in crude oils. As has been said before, the objects of the quantitative analysis of crude oils are mostly trace compounds, whose relative tolerable errors are biggish, and whose standard substances are unable to be obtained entirely. Therefore, it is allowable to suitably debase their analytical accuracy, that is, it may be considered that the differences between the value of the relative correction factors of the compounds are not very distinct. Then, the approximate computation expression of the result of the absolute quantitative analysis may be denoted as follows:
It may be known from Eq. (12) that those standard substances unable to be obtained need not be used in the analysis. Accordingly, the time-consuming and miscellaneous work for determining the correction factors may be completely avoided. In general, the differences between the values of the correction factors of the compounds are not big. 20 Therefore, for the quantitative analysis of trace non-hydrocarbon compounds, the results obtained by calculating with Eq. (12) will mostly meet the need of accuracy.
In this research, the sum m of the masses of the volatiles in a non-hydrocarbon fraction at the test temperature was calculated by the following equation:
Afterwards, the approximate percent content of a nonhydrocarbon compound in the crude oils was calculated using Eq. (12) . The structures and contents of 168 nitrogen-containing compounds in one crude sample and 60 non-nitrogen-containing compounds in non-hydrocarbon fraction, N7, of this sample were determined by the above technique. The results of the main nitrogen-containing and non-nitrogen-containing compounds in fraction N7 are listed in Tables 1 and 2 , respectively (those of other non-hydrocarbon fractions were omitted because of the limitation of the paper length). The repeated analyses of the sample showed that the determined results were of good reproducibility, and addition-recovery examinations of some standard compounds also showed that the veracity of the quantitative analysis was satisfactory (see Table  3 ).
In this research, the highest temperature of the
chromatographic column reached only 230˚C. If the necessary experimental conditions had been met, for example, the adoption of a chromatographic-analytical column resisting a higher temperature, the obtainment of 2-dimensional data by an HPLC-MS coupling technique, an increase of the mass spectra in the database and so on, the determined nitrogen-containing compounds would have been much more than 168 and the accuracy would also have been enhanced.
Conclusions
The presented method was rapid, convenient, economical, efficient, and universally suitable for the systematic analysis of structures and contents of nitrogen-containing compounds and other non-hydrocarbons in crude oils. However, several problems mainly associated with our work were encountered. One was that not all eluates were GC-amenable, including asphaltene, which was previously deasphaltened. These species were non-volatile under the normal GC temperature. Therefore, they must appeal to HPLC or thermal decomposition and so on for analysis. Another was that some component peaks inevitably embedded one another. This problem could not been solved satisfactorily by any method so far. In addition, the mass spectrum database which we hold was not sufficient to identify all unknown compounds in the non-hydrocarbon fractions. These problems dimmed the analysis of non-hydrocarbon compounds in crude oils. Therefore, some following work will be continued concerning research of petroleum.
There were nitrogen-containing compounds in all of the nonhydrocarbon fractions. This proves that in such complicated samples as crude oils, the organic components are often so complex that, in spite of tedious pre-separation, it is almost impossible to completely isolate and identify each individual compound, even with a high-resolution chromatographic instrument. However, the combination of chromatographic coupling and chemometric resolution techniques may be an interesting and useful approach to overcome these analytical difficulties. Its potential advantages imply a prospect for analysts to address a common scientific problem with acceptable results when analyzing real unknown complicated systems. 
